As mammalian cells prepare for mitosis, the Golgi ribbon is first unlinked into its constituent stacks and then transformed into spindleassociated, pleiomorphic membrane clusters in a process that remains enigmatic. Also, it remains unclear whether Golgi inheritance involves the incorporation of Golgi enzymes into a pool of coat protein I (COPI) vesicles, or their COPI-independent transfer to the endoplasmic reticulum (ER). Based on the observation that the intermediate compartment (IC) at the ER-Golgi boundary is connected to the centrosome, we examined its mitotic fate and possible role in Golgi breakdown. The use of multiple imaging techniques and markers revealed that the IC elements persist during the M phase, maintain their compositional and structural properties and remain associated with the mitotic spindle, forming circular arrays at the spindle poles. At G2/M transition, the movement of the pericentrosomal domain of the IC (pcIC) to the cell centre and its expansion coincide with the unlinking of the Golgi ribbon. At prophase, coupled to centrosome separation, the pcIC divides together with recycling endosomes, providing novel landmarks for mitotic entry. We provide evidence that the permanent IC elements function as way stations during the COPI-dependent dispersal of Golgi components at prometa-and metaphase, indicating that they correspond to the previously described Golgi clusters. In addition, they continue to communicate with the vesicular 'Golgi haze' and thus are likely to provide templates for Golgi reassembly. These results implicate the IC in mitotic Golgi inheritance, resulting in a model that integrates key features of the two previously proposed pathways.
Introduction
Mammalian cell division is governed by a tightly coordinated cascade of phosphorylation and dephosphorylation events, which result in the reversible remodelling of endomembrane compartments, such as the endoplasmic reticulum (ER), the nuclear envelope (NE) and the Golgi apparatus (Burke and Ellenberg, 2002; Lowe and Barr, 2007; Wang and Seemann, 2011) . Besides ensuring accurate organelle partitioning and reformation, these rearrangements affect cell cycle progression (Sütterlin et al., 2002; Preisinger et al., 2005; Colanzi et al., 2007; Feinstein and Linstedt, 2007) and serve the functional needs of the dividing cell (Waterman-Storer et al., 1993; Boucrot and Kirchhausen, 2007; Ma et al., 2009) . One mechanism for organelle partitioning is transformation into vesicles that are dispersed throughout the cytoplasm. However, organelle inheritance is not only a stochastic process, but shares similarity with the ordered segregation of chromosomes that depends on the microtubule (MT)-based mitotic spindle (Shima et al., 1998; Jokitalo et al., 2001; Shorter and Warren, 2002; Wei and Seemann, 2009 ). Thus, breakdown of the NE does not involve vesiculation, but transfer of its components to the ER in a process that is linked to spindle formation (Ellenberg et al., 1997; Burke and Ellenberg, 2002; Puhka et al., 2007) . The ER is maintained as a continuous network, but excluded from the spindle region (Jesch and Linstedt, 1998; Terasaki, 2000; Axelsson and Warren, 2004) , apparently due to phosphorylation of proteins that normally anchor it to MTs (Vedrenne et al., 2005) .
Machinery proteins operating in post-ER trafficking and/or Golgi maintenance -including Rab1A, GM130, GRASP65, golgin-84, giantin, GBF1 and CtPB1/BARS -are targets for kinases (Bailly et al., 1991; Colanzi et al., 2003; Diao et al., 2003; Uchiyama et al., 2003; Preisinger et al., 2005; Lowe and Barr, 2007; Morohashi et al., 2010; Nakamura, 2010) , which at the onset of mitosis are activated at the centrosome Colanzi et al., 2007; Persico et al., 2010; Sütterlin and Colanzi, 2010) . At the G2/M transition, the interphase Golgi ribbon is first fragmented into individual stacks (Acharya et al., 1998; Kano et al., 2000; Hidalgo Carcedo et al., 2004; Feinstein and Linstedt, 2007; Colanzi et al., 2007) , which then transform into spindle-associated, pleiomorphic clusters (Lucocq et al., 1987; Shima et al., 1998) in a process that remains poorly understood (Lippincott-Schwartz and Zaal, 2000; Prescott et al., 2001; Shorter and Warren, 2002; Colanzi et al., 2003; Barr, 2004) . Two models have been proposed to explain mitotic Golgi inheritance. One possibility is that it constitutes an autonomous process based on MT-dependent dispersal of Golgi-derived COPI vesicles (Misteli and Warren, 1994; Jesch et al., 2001; Shorter and Warren, 2002; Wang and Seemann, 2011) and the generation of specific templates for Golgi reassembly (Seemann et al., 2002) , maintaining the ER and Golgi as separate entities (Jesch and Linstedt, 1998; Jokitalo et al., 2001; Axelsson and Warren, 2004; Pecot and Malhotra, 2004) . Alternatively, it is mediated by COPIindependent transport of Golgi components to the ER, and their reemergence from this compartment during mitotic exit (Thyberg and Moskalewski, 1992; Zaal et al., 1999; Altan-Bonnet et al., 2006) , resulting in de novo formation of the organelle (Lippincott-Schwartz and Zaal, 2000) .
Besides causing Golgi breakdown, mitotic conditions affect the function of ER exit sites (ERES) (Farmaki et al., 1999; Hammond and Glick, 2000; Prescott et al., 2001; Stephens, 2003; Kano et al., 2004; Altan-Bonnet et al., 2006) and thus are thought to inhibit the formation of the intermediate compartment (IC) -also called the ER-Golgi IC (ERGIC) or vesicular-tubular clusters (VTCs) -operating in post-ER trafficking (Saraste and Kuismanen, 1992; Balch et al., 1994; Martínez-Menárguez et al., 1999; Appenzeller-Herzog and Hauri, 2006) . In accordance with this possibility, the IC marker p58/ERGIC-53, which cycles in COPI vesicles (Girod et al., 1999; Rabouille and Klumperman, 2005) , becomes arrested in the mitotic ER (Farmaki et al., 1999) . However, the pleiomorphic vacuolar domains of the IC that bud COPI vesicles (Martínez-Menárguez et al., 1999; Horstmann et al., 2002; Sannerud et al., 2006 ) also extend tubules enriched in the GTPase Rab1A (Palokangas et al., 1998; Sannerud et al., 2006) . Moreover, in vivo imaging of Rab1A revealed that the tubules form an extensive, interconnected network, which is stably anchored at the cell centre via its pericentrosomal domain (pcIC; Marie et al., 2009; Saraste et al., 2009) , encouraging the reinvestigation of the mitotic fate of the IC. Here we show that the pcIC expands and divides at the onset of mitosis in a process that is intimately linked to centrosome motility and separation, as well as the fragmentation of the Golgi ribbon. The IC persists as pleiomorphic membrane clusters that associate with the mitotic MTs and concentrate at the spindle poles. In addition, temporary inhibition of tubular trafficking during mitosis allowed us to demonstrate the ongoing function of the IC in COPI-dependent processes that result in the transfer p58/ERGIC-53 to the ER and mediate the dispersal of Golgi components during the formation of the dynamic vesicular 'Golgi haze'.
Results

The IC maintains its properties during mitosis
We first examined the localisations of endogenous Rab1A and p58 in dividing NRK cells. Confocal microscopy (CM) of Rab1A showed that the IC elements persist, and display characteristic distributions during the different stages of mitosis (Fig. 1A) , consistent with previous studies showing that the membrane association of Rab1A is unaffected, or even increased, by its The mitotic phases were identified by DAPI staining (blue). The IC markers p58 (green) and Rab1A (red) partially overlap at interphase (late G2) and prophase (the pcICs are indicated by the white arrowheads), as well as telophase and cytokinesis (open arrowheads). However, whereas Rab1A persists in large IC puncta, p58 assumes an ER-like distribution at meta-and anaphase. (B) IEM localisation of Rab1A at interphase (a and b) and metaphase (c-e). All panels show single staining (Rab1A; 10 nm gold), except panel a showing double staining for Rab1A (15 nm gold) and the KDEL-receptor (10 nm gold). Note the large pleiomorphic IC elements (asterisks) in the mitotic clusters, and their localisation close to chromosomes (Chr; e). mitotic phosphorylation by Cdk1 (cyclin-dependent kinase 1) (Bailly et al., 1991; Preisinger et al., 2005) . At prophase both Rab1A and p58 highlight the pcIC ), which appears to have split in two (see below), as well as IC elements that surround the nucleus. At metaphase the large Rab1A-positive IC puncta concentrate at the spindle poles; subsequently, at anaand telophase, around the segregating chromosomes and the reforming daughter nuclei, respectively, and finally, during cytokinesis, at the distal sides of the daughter cell nuclei, as well as at their proximal sides facing the intercellular bridge (Fig. 1A) . In addition, diffuse cytoplasmic Rab1A staining increases between meta-and telophase. Similar results were obtained with primary human skin fibroblasts, rat fibroblasts (REF52) and mouse fibroblasts (C3H), as well as by employing antibodies against the Rab1B isoform (data not shown). Immunoelectron microscopy (IEM) of Rab1A in NRK cells revealed that the mitotic IC retains the structural features of its interphasic counterpart (Fig. 1B , panels a and b) (Saraste and Svensson, 1991; Balch et al., 1994; Martínez-Menárguez et al., 1999; Horstmann et al., 2002) , consisting of vesicular-tubular clusters and including a vacuolar component (Fig. 1B , panels c-e). Notably, only part of the membranes in the typically large mitotic IC clusters are Rab1A-positive, indicating their division into subdomains. A GFP-coupled, non-phosphorylatable variant of Rab1A (T195A) and the endogenous protein display similar localisations (supplementary material Fig. S1 ), further demonstrating that the distribution of Rab1A is not affected by its mitotic phosphorylation.
In contrast to Rab1A, dramatic relocation of the cargo receptor p58/ERGIC-53 takes place during mitosis. The IC puncta typical for interphasic cells are replaced by a reticular p58 pattern by metaphase (Fig. 1A) , which overlaps with the distribution of the ER marker ribophorin I (Fig. 1C) . IEM showed the presence of p58 in cisternal structures (Fig. 1D) , supporting the conclusion that it can return from the IC to the ER, but fails to exit from the latter (Farmaki et al., 1999) . Examination of cells at early stages of mitosis showed that the relocation of p58/ERGIC-53 to the ER is completed during prometaphase (data not shown). This process enriched by shake-off were incubated for 10 min at 37˚C in the absence or presence of BFA, followed by staining for giantin or golgin-84. While the vesicle tethers display mainly diffuse patterns ('Golgi haze') in control cells, they rapidly redistribute to the IC clusters in response to BFA (see also Fig. 8A,B ). Scale bars: 10 mm. depends on COPI coats, which remain bound to the mitotic IC membranes (see below: Fig. 7A ), since it is efficiently inhibited upon their disassembly by brefeldin A (BFA) (Fig. 1E ,F; see below: Fig. 8) .
Thus, the IC persists during mitosis and maintains its compositional (Rab1A, Rab1B, COPI coats) and structural properties. In addition, the KDEL-receptor, which like p58 cycles at the ER-Golgi boundary in COPI vesicles (Girod et al., 1999; Rabouille and Klumperman, 2005) , remains as an integral IC component ( Fig. 2A) . Furthermore, the mitotic IC contains the Rab1 effectors p115 and GM130 (Barnekow et al., 2009) (Fig. 2B-D) , whose interaction is inhibited by Cdk1-mediated phosphorylation of GM130 (Lowe and Barr, 2007; Nakamura, 2010) , as well as GRASP65 (supplementary material Fig. S2 ), which interacts with GM130 and is phosphorylated by both Cdk1 and Plk1 (Polo-like kinase 1) (Colanzi et al., 2003; Preisinger et al., 2005; Wang and Seemann, 2011) . While all three proteins localise to the pcICs at the spindle poles, only p115 is typically present the peripheral IC clusters, showing that the division of the IC into spatially and compositionally distinct subdomains (Saraste and Kuismanen, 1992; Marra et al., 2001; Alvarez et al., 2001 ) is preserved during mitosis.
Partitioning of the IC is an early event
Previously, in vivo imaging of GFP-Rab1A revealed the typical positioning of the pcIC close to the interphase Golgi ribbon, and its frequent separation from the latter due to centrosome motility . Interestingly, segregation of the centrosomelinked IC membranes from the Golgi takes place as the cells prepare for mitosis. During the G2/M transition the pcIC moves to the cell centre under the nucleus and undergoes considerable expansion. At prophase, coupled to centrosome separation, it divides giving rise to two daughter compartments ( Fig. 3A-C ; supplementary material Movies 1, 2). Interestingly, the Rab11-positive recycling endosomes, which stably associate with the pcIC at interphase , partition in a similar fashion (Fig. 3D) . Preceding its division, the pcIC undergoes compaction -i.e. the GFP signal at its centre becomes brighterindicating that the IC tubules establish a more intimate connection with the centrosomes. This change persists as the daughter pcICs move apart (Fig. 3A) .
Due to the coalignment of the IC elements with the cis-face of the Golgi stacks (Fig. 1B , panel a; Ladinsky et al., 1999 ) GFPRab1A also highlights the Golgi ribbon. Strikingly, at the G2/M transition, despite the unlinking of the ribbon, the Golgi apparatus maintains its typical appearance and position at one side of the nucleus as the pcIC relocates to the cell centre ( Fig. 3A,B ; supplementary material Movies 1,2). Only as the daughter pcICs start to separate, the isolated Golgi stacks encircle the nucleus ( Fig. 3A ; see also Fig. 7D , panel a) (Shima et al., 1998; Zaal et al., 1999) . Thus, the division of the pcIC takes place during prophase, in parallel with centrosome separation and the initiation of spindle formation, but preceding the final fragmentation and dispersal of the Golgi, which occurs during prometa-and metaphase (Zaal et al., 1999; Shorter and Warren, 2002) .
The pcICs form circular arrays at the spindle poles
The centrosome-coupled separation and movements of the daughter pcICs explain the origin the Rab1A-positive membranes that associate with the spindle poles throughout mitosis ( Fig. 1) . Spinning disk CM indicated that these clusters assume a more regular organisation as the cells progress from prophase to prometaphase ( Fig. 4A ; supplementary material Movie 3). Further, 3-D reconstructions revealed that the pcIC clusters at the two spindle poles are positioned perpendicular to the axis of the spindle, at an equal distance from the metaphase plate (supplementary material Movie 4). They are composed of up to nine circularly arranged units (Fig. 4B ), most likely anchored to a centrosome-based structural framework. Importantly, these circular arrays could also be visualised in living cells ( Fig. 4C ; supplementary material Movie 7). Double staining showed that the Rab1A-containing IC membranes at the spindle poles correspond to the previously described GM130-positive structures (Fig. 2C,D ) (Shima et al., 1998) .
Mitotic IC elements associate with spindle MTs
The non-random distributions of the IC elements in mitotic cells ( Fig. 1 ) suggested that the cytoskeletal interaction(s), which determine their spatial organisation and dynamics during interphase Sannerud et al., 2006; Brownhill et al., 2009) prometa-to telophase), coalign with astral MTs radiating from centrosomes to the cell periphery ( Fig. 5E -G, ana-and telophase). In addition, 3-D reconstructions showed their association with intra-spindle MTs (Fig. 5F , anaphase). These interactions were also evident in single optical sections (Fig. 5F , panels b and c, insets). Finally, depolymerization of MTs with nocodazole lead to the scattering of Rab1A-positive elements throughout cytoplasm of the metaphasic cells (Fig. 5D ), further indicating the intimate association of the IC elements with the MT-based mitotic spindle.
Tubular IC dynamics is arrested during mitosis
The movements of Rab1A-positive tubules between more stationary peripheral IC clusters and the pcIC, that take place along MT tracks, are the hallmarks of IC dynamics in interphasic NRK cells (Sannerud et al., 2006; Marie et al., 2009) . Since the mitotic IC maintains its connection to the spindle apparatus, it was of interest to employ spinning disk CM to study its dynamic properties. In vivo imaging of GFP-Rab1A showed that while the cells at prophase-to-prometaphase transition still contain motile IC tubules ( Fig. 4A ; supplementary material Movie 3), tubular dynamics stops during prometaphase ( Fig. 4D ; supplementary material Movie 6), and the metaphasic cells are characterised by relatively stationary IC clusters ( Fig. 4C ; supplementary material Movie 7). However, the peripheral clusters still communicate by changing position and coalescing with each other ( Fig. 4E ; supplementary material Movie 5), or by shedding smaller elements that merge (or fuse) with a neighbouring cluster (supplementary material Movie 5). In addition, they undergo saltatory movements to the spindle poles ( Fig. 4C,D; supplementary material Movies 5, 6) at speeds (,1 mm/sec) similar to those recorded during interphase Sannerud et al., 2006; Marie et al., 2009) , suggesting that they occur in a dynein-dependent fashion (Waterman-Storer et al., 1993; Brownhill et al., 2009) . Furthermore, the pcIC elements show motility as they position at a fixed distance from the spindle poles (supplementary material Movie 7).
At anaphase the dynamic IC elements appear in the middle of the spindle ( Fig. 6A ; supplementary material Movie 8), where they associate with intra-spindle MTs (Fig. 5F ). They persist until cytokinesis, forming compact clusters near the minus ends of the MT bundles facing the intercellular bridge (Fig. 6B) . During late cytokinesis, these midbody clusters merge with the major IC assemblies at the distal sides of the daughter nuclei, i.e. where the new Golgi ribbons form ( Fig. 6C ; supplementary material Movie 9) (Shorter and Warren, 2002; Altan-Bonnet et al., 2006; Gaietta et al., 2006) .
Role of the IC in mitotic Golgi breakdown
As mentioned above, the metaphasic IC elements retain COPI coats (Fig. 7A) , consistent with recent results indicating that certain ARFs (ADP ribosylation factors) supporting the dynamics of COPI binding and vesicle formation (Popoff et al., 2011) remain active during mitosis (Xiang et al., 2007; Morohashi et al., 2010) . Notably, the observed partial overlap of b-COP and Rab1A (Fig. 7A) indicates that the division of the IC into vacuolar and tubular subdomains, defined by these components (Horstmann et al., 2002; Sannerud et al., 2006; Marie et al., 2009) , persists in metaphasic cells. Removal of the coats by BFA did not abolish the IC elements, showing that they maintain their drug-resistant character ) during mitosis (Fig. 7A, see below) . Based on these findings and previous data on interphasic cells showing that the tubular IC network mediates the BFA-induced transfer of the cis/medial-Golgi enzyme mannosidase II (Man II) to the ER ), we next examined its role during the mitotic relocation of endogenous Man II. Since BFA loses its typical effect during mitosis and temporarily inhibits the dispersal of Golgi components (Nizak et al., 2004) , it was included in the experiments carried out with both parental and GFP-Rab1A-expressing NRK cells, as well as HeLa cells by employing human Man II and the cis-Golgi phosphoprotein GPP130 (Jesch et al., 2001) as markers.
After the removal of late mitotic NRK cells by shake-off the reappearance of metaphasic cells in the absence or presence of BFA displays similar kinetics (Fig. 7B) , verifying that the drug does not interfere with early mitotic progression. To assay for complete Golgi breakdown, the cells were stained for Man II and the number of metaphases displaying the transfer of Man II from the Golgi stacks into a dispersed pool of small vesicles (Gaietta et al., 2006) was determined. In control cultures the fraction of cells with the ''Golgi haze'' reaches a steady state level (,85%) by ,45 min (Fig. 7C) , suggesting that assay resolves progression from early to late metaphase, characterised by Man II-positive puncta (Fig. 7D, panel c) and the vesicular haze, respectively. Interestingly, BFA inhibits the development of the haze shortly after shake-off ( Fig. 7C; 7 .5-15 min), resulting in the accumulation of Man II in expanded Rab1A-positive pcICs at the spindle poles. A similar effect is seen at prometa-and metaphase, whereas at prophase the drug gives a diffuse, ER-like pattern, which by CM is indistinguishable from the vesicular haze (Fig. 7D, panels d-f) . Thus, the apparent lack of the inhibitory effect during the longer drug treatments (Fig. 7C, 30 -60 min) can be explained by the appearance of metaphasic cells that had been exposed to BFA prior to entering prometaphase, i.e. relocated Man II to the ER. Importantly, in contrast to cells subjected to brief drug treatments (Fig. 7D, panel f) , these cells do not show the expansion of the IC (Fig. 7A, bottom) .
This shake-off assay was also used to study the effect of BFA on the transfer of p58/ERGIC-53 to the ER in both NRK and HeLa cells. When added immediately after the removal of mitotic cells the drug inhibits this process, with most efficient block being observed after 15 min (Fig. 8A) . Furthermore, double staining of metaphasic HeLa cells with antibodies specific for ERGIC-53 and human Man II showed that in the presence of BFA both proteins become arrested in the expanded, but -as compared to NRK cells -more dispersed IC clusters (Fig. 8B,  right panels) . Notably, ERGIC-53 and Man II also extensively colocalise in untreated early prometaphasic cells (Fig. 8B , left panels), whereas they display clearly distinct distributions at metaphase (Fig. 8B, middle panels) . Strikingly, brief (2.5-10 min) BFA treatment of cultures enriched in metaphasic NRK cells (see Materials and Methods) results in rapid accumulation of Man II in the Rab1A-positive IC elements mainly at the spindle poles, whereas in control cells the protein remains mainly localised to the vesicular haze (Fig. 9A,B) . Similar results were obtained for the transmembrane proteins giantin and golgin-84 (see above: Fig. 2E,F) , which function in the tethering of different classes of COPI vesicles (Malsam et al., 2005; Munro, 2011) . By contrast, the distribution p58 which has reached the ER by metaphase is not affected (supplementary material Fig. S4A ). In addition, brief exposure of metaphasic HeLa cells to BFA results in a similar rapid shift of GPP130 and human Man II from the vesicular haze to the IC clusters (supplementary material Fig. S5B-D) . Similar results were obtained with cells transferred to low temperature (15˚C) (data not shown; however, see Jesch et al., 2001) .
The progression of the isolated metaphasic NRK cells to G1 both in the absence and presence of BFA (supplementary material Fig. S5A ) facilitated the analysis of Man II localisation during the late stages of mitosis. In control cells the haze predominates until early anaphase, whereas the overlap between Man II and Rab1A begins to increase at late anaphase ( Fig. 9C and D, panels a-d) , i.e. prior to Golgi reassembly (Zaal et al., 1999; Shorter and Warren, 2002; Wang and Seemann, 2011) . As observed at metaphase, BFA efficiently arrests Man II in the IC of early and late anaphasic cells. Subsequently, its inhibitory effect expires, and the cells at telophase and cytokinesis show mainly ER-like patterns ( Fig. 9C and D, panels e-h), similar to those seen at prophase (Fig. 7D , panel d) and G1 (supplementary material Fig. S5B ).
Finally, it should be noted that although BFA can cause the expansion (prometa-to late anaphase) or partial dispersal (prophase, telophase and cytokinesis) of the IC elements, their overall distributions remain unaffected throughout mitosis ( Fig. 7D; Fig. 9D ). Moreover, similar results were obtained with the parental and GFP-Rab1A expressing cells, verifying that the exogenous fusion protein does not affect mitotic progression ( Fig. 7A; supplementary material Fig. S5A ), or the relocation of Man II ( Fig. 7C; Fig. 9A-C) .
Discussion
This study shows that the IC, unlike the ER and Golgi, maintains its compositional, structural and spatial properties during cell division. Notably, the mitotic IC elements share striking similarity with the previously described, spindle-and ERES-associated Golgi clusters, which consist of vacuolar and vesicular-tubular domains (Lucocq et al., 1987; Jokitalo et al., 2001; Altan-Bonnet et al., 2006; Gaietta et al., 2006) . In addition, we provide compelling evidence that they function as way stations during the dispersal of Golgi proteins and continue to communicate with the vesicular haze of metaphasic cells (Jesch et al., 2001; Shorter and Warren, 2002; Gaietta et al., 2006) , indicating that the latter do not form by direct Golgi fragmentation, but correspond to the pleiomorphic IC structures. Based on these results, and also taking into account previous data on BFA-resistant Golgi-like structures (Nizak et al., 2004) , we propose an alternative model implicating the permanent IC elements as intermediate sorting stations in reversible Golgi disassembly (Fig. 9E) . This model incorporates key features of the two previously proposed pathways (Zaal et al., 1999; Shorter and Warren, 2002) and can also explain the variable localisation GFPcoupled Golgi enzymes to the mitotic membrane clusters, the 'Golgi haze', or the ER (Shima et al., 1997; Zaal et al., 1999; Kano et al., 2000; Terasaki, 2000; Jokitalo et al., 2001) .
Our results suggest that the sequential disassembly of the Golgi ribbon involves distinct IC-related pathways (Fig. 9E) . First, the centralization of the pcIC coincides with the unlinking of the Golgi ribbon at late G2, suggesting an intimate coupling of these events (see below). Based on in vivo imaging of GFP-Rab1A (Marie et al., 2009), the expansion of the pcIC is most likely due to the arrival of membranes from the Golgi ribbon by minus end-directed transport along centrosomal MTs (Fig. 9E, Route 1) . Following the separation of the centrosome-connected membranes, the Golgi stacks and Golgi-adjacent IC elements (Ladinsky et al., 1999; Martínez-Menárguez et al., 1999; Marie et al., 2009 ) -that stay behind -encircle the nucleus (Shima et al., 1998; Zaal et al., 1999) , implying that they interact with another filament system(s) (Miller et al., 2009; Rivero et al., 2009 ). Thus, the relocation of Golgi components to the spindle poles at prometaphase is likely to involve an additional route; i.e. their transfer to the nearby IC elements (Fig. 9E, Route 2) , possibly corresponding to the COPIindependent conversion of the cisternal cores of the Golgi stacks into a tubular network (Misteli and Warren, 1995) . Consequently, further vesicle-mediated dispersal of Golgi enzymes can occur from the COPI-coated domains of the IC (Fig. 9E ), in accordance with EM studies showing their presence in vacuolar structures (Lucocq et al., 1987; Jokitalo et al., 2001; Gaietta et al., 2006) and the colocalisation of ERGIC-53 and human Man II at early prometaphase (Fig. 8B) , i.e. prior to their redistribution to the ER or the vesicular haze, respectively. In conclusion, the breakdown of the Golgi ribbon is suggested to take place via the IC in two temporally and spatially separate stages. These events are most likely reversed as the organelle reforms during mitotic exit (Fig. 6 ) (Gaietta et al., 2006; Miller et al., 2009; Wei and Seemann, 2009 ) in a process that may also involve centrosome motility (Piel et al., 2001) .
Alternatively, Golgi residents undergoing COPI-mediated recycling (Rabouille and Klumperman, 2005; Nilsson et al., 2009 ) may enter the vesicular haze during the unstacking of the Golgi cisternae (Wang and Seemann, 2011) (Fig. 9E, Route 3) . However, the BFA-induced rapid redistribution of Man II, GPP130, giantin and golgin-84 from the vesicular pool to the metaphasic IC clusters indicates that these compartments communicate. This observation is inconsistent with the suggested general inhibition of COPI vesicle tethering and fusion during mitosis (Shorter and Warren, 2002) . Moreover, since ER exit is blocked at this stage, Man II cannot enter the IC from the ER (Thyberg and Moskalewski, 1992; Zaal et al., 1999) , as indicated by the results obtained with p58 (supplementary material Fig. S4A ). In contrast, the present results are compatible with the ongoing operation of COPI vesicle-mediated recycling pathway(s) within the mitotic IC (Fig. 9E) . These routes may be regulated by the tethers giantin and golgin-84, and employed by the KDELreceptor and Man II (Malsam et al., 2005 ) that do not have access to the COPI-mediated pathway to the ER, which is used by p58 (Fig. 9E) . In addition, they could involve p115 (Alvarez et al., 2001; Brandon et al., 2003) , which remains bound to the IC membranes (Fig. 2B) (Radulescu et al., 2011) and interacts with b-COP and SNAREs in a GM130-independent manner (Puthenveedu and Linstedt, 2004; Guo et al., 2008) . The phosphorylation of GM130, which affects its binding to both p115 and Rab1 (Diao et al., 2008) , may inhibit Golgi biogenesis (Puthenveedu et al., 2006; Marra et al., 2007) rather than vesicle tethering (Shorter and Warren, 2002) . Accordingly, the accumulation of COPI vesicles in the in vitro Golgi fragmentation assay (Misteli and Warren, 1994) could be due to the absence of cytoskeletal elements and/or IC membranes. Similarly, the pile-up of coated vesicles in the vicinity of the fragmenting Golgi stacks in intact mitotic cells (Misteli and Warren, 1995) can be explained by the displacement of their target compartment (Fig. 9E, Route 1) .
Although the IC elements evidently maintain the ability to bud COPI vesicles, their trafficking functions are affected by mitotic phosphorylation of Rab1A, its effectors (such as GM130) and the ARF exchange factor GBF1, which regulates the recruitment of COPI coats to IC and Golgi membranes (García-Mata et al., 2003; Zhao et al., 2006) . One consequence is that the dynamics of the long Rab1A-containing tubules stops during prometaphase, suggesting that the mitotic conditions affect the motility of the tubules or induce their fragmentation. Since the BFA-induced transfer of Man II to the ER occurs via these IC elements , temporary cessation of tubular trafficking can explain why this process is interrupted between prometa-and telophase (Nizak et al., 2004; present results) . Moreover, it coincides with the dis-and re-assembly of the Golgi stacks, consistent with previous studies on the role of IC tubules in Golgi biogenesis (Saraste and Kuismanen, 1984; Trucco et al., 2004) . Furthermore, the phosphorylation of GBF1 could affect COPImediated IC-to-Golgi transport, since COPI-dependent recycling route(s), which are likely to depend on GBF1-independent ARFs (Chun et al., 2008) , appear to remain operational. Considering the key roles of Rab1A and GBF1 in Golgi maintenance (Wilson et al., 1994; García-Mata et al., 2003; Haas et al., 2007) , their mitotic modifications -by blocking tubular and vesicular trafficking to the Golgi -would result in retrograde flow of its components to the IC (Fig. 9E) .
The bidirectional pathway between the pcIC and the Golgi ribbon (Fig. 8E, Route 1) (Marie et al., 2009 ) could be employed by the Rab1 effectors GM130, giantin and golgin-84 (Barnekow et al., 2009) , as well as GRASP65. Namely, these proteins either associate with the lateral rims of the Golgi stacks (Diao et al., 2003; Munro, 2011) , cycle at the late IC-Golgi boundary and accumulate in the separated pcIC (supplementary material Fig. S2 ) (Marra et al., 2001; Marie et al., 2009) , mediate the formation and unlinking of the Golgi ribbon (Diao et al., 2003; Puthenveedu et al., 2006) , organise the centrosome and the mitotic spindle (Sütterlin and , or interact with Plk1 (Preisinger et al., 2005) . By mediating the membrane fission and tethering events that are promoted or inhibited by the centrosomally activated CtBP/BARS (Spyer and Allday, 2006 ; Fig. 9 . See next page for legend. Colanzi et al., 2007) and Cdk1 Persico et al., 2010) , respectively, this route could provide the 'missing link' between the Golgi ribbon and the centrosome (Sütterlin and Colanzi, 2010) . Thus, it may operate at the mitotic checkpoint (Sütterlin et al., 2002; Hidalgo Carcedo et al., 2004; Preisinger et al., 2005) that registers changes in membrane organisation or dynamics and controls centrosome maturation, separation and cell cycle progression. The ongoing dynamics of the mitotic endomembranes may ensure that the changes originating at the centrosome can be coordinated in space and time.
The properties of the mitotic IC suggest that it is a selforganising structure. Accordingly, the pcICs anchored to the spindle poles, the peripheral IC clusters that retain their ability to move, and the shuttling COPI vesicles maintain an interconnected system consisting of motile units (Fig. 8E ) (Misteli, 2001) . By duplicating the centrosome and the ERES at interphase (Hammond and Glick, 2000; Stephens, 2003) and keeping the IC membranes connected to the mitotic spindle, the cell can establish the conditions required for its ordered partitioning. Alternatively, the duplication and separation of the pcIC(s) may ensure that the daughter cells receive functional IC networks. By partitioning along with such a self-organising pre-Golgi organelle, as our results suggest, the Golgi would not require its own mechanism for inheritance.
Materials and Methods
Antibodies and reagents
Chemicals and reagents were purchased from Sigma (St. Louis, MO) or Merck (Darmstadt, Germany), unless indicated otherwise. The rabbit antibodies against p58 and Rab1 were affinity purified as described earlier (Saraste and Svensson, 1991; Sannerud et al., 2006) . The latter preferentially react with the Rab1A isoform. Primary antibodies were provided by the following: mouse anti-Rab1B by Angelika Barnekow (University of Münster, Germany), mouse anti-AKAP450 by Michel Bornens (Institut Curie, Paris, France), mouse anti-b-tubulin by the late Thomas Kreis, mouse anti-ribophorin I by Gert Kreibich (New York University, NY), rabbit antibodies against the KDEL-receptor by Irina Majoul (University of Lübeck, Germany), sheep anti-p115, anti-GM130 and anti-GRASP65 by Francis Barr (University of Liverpool, UK), sheep anti-golgin-84 by Martin Lowe (University of Manchester, UK), rabbit antibodies against rat and human mannosidase II by Kelley Moremen (University of Georgia, Athens, GA) and rabbit anti-p115 by Elizabeth Sztul (University of Alabama, Birmingham, AL). Rabbit anti-b-COP, mouse anti-giantin and anti-GPP130, and mouse anti-Rab11 antibodies were purchased from Affinity BioReagents (Golden, CO), Alexis Biochemicals (Enzo Life Sciences, Lausen, Switzerland), and BD Transduction Laboratories (Franklin Lakes, NJ), respectively. The secondary, FITC-or Texas Red-coupled goat or donkey F(ab) 2 -fragments against rabbit, mouse or sheep IgGs, and the horseradish peroxidase-coupled goat anti-rabbit Fab-fragments were bought from Jackson ImmunoResearch Laboratories (West Grove, PA) and P.A.R.I.S. Anticorps (Compiegne, France), respectively.
Cell culture, synchronization and drug treatments
Parental and GFP-Rab1A-expressing normal rat kidney (NRK) cells were maintained under standard tissue culture conditions . Incubation of cells at 15˚C was carried out on a water bath in a medium supplemented with 20 mM HEPES, pH 7.2 (Saraste and Kuismanen, 1984) . Human HeLa cells, primary human fibroblasts, rat REF52 fibroblasts and mouse CH3 fibroblasts were grown in DMEM supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 25 U/ml penicillin and 25 mg/ml streptomycin. To depolymerize MTs, cells were treated for 30 min at 37˚C with nocodazole (10 mg/ ml), stored as 1006 stock solution in DMSO at 220˚C. Brefeldin A (Epi-centre Biotechnologies, Madison, WI) was added to the medium at 5 mg/ml from a 10006 stock kept in ethanol at 220˚C.
Synchronization of cells with drugs was not employed to avoid possible secondary effects. To generate a wave of cells progressing towards metaphase, about 90% confluent, 30 hr-old cultures grown on 18 mm diameter glass coverslips in 6-well plates, were subjected to mitotic shake-off. Before horizontal shaking of the plates, the coverslips were lifted using sharp tweezers, allowing them to hit the sides of the wells, resulting in selective detachment of meta-, ana-and telophasic cells. The efficiency of release was verified by phase contrast microscopy. The cells were washed once with medium and incubated in the absence or presence of BFA until fixation in 3% paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.2) prewarmed to 37˚C.
To obtain preparations enriched in metaphasic cells (,65%) NRK cells were grown in 75 cm 2 flasks to reach ,90% confluency. The medium was removed and the monolayers were covered with 1 ml of prewarmed (37˚C) control or BFAcontaining medium. Selective release of the loosely bound metaphasic cells was achieved by hitting the flask once against a styrofoam block, keeping it horizontal. After placing the medium to a tube kept in a 37˚C water bath, the cells in 150 ml aliquots were re-attached to poly-L-lysine-coated coverslips on 6-well plates. To avoid low temperature effects on the distribution of proteins in metaphasic cells, the 75 cm 2 flasks and the 6-well plates were kept on a warm plate adjusted to 39˚C. The latter were transferred to a 37˚C CO 2 -incubator, or placed on a 15˚C water bath. Medium (2 ml) with or without BFA was added to the wells after a 5 min incubation.
In vitro mutagenesis and transfection of cells
The non-phosphorylatable GFP-Rab1A(T195A) variant was constructed using the QuickChangeH Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). The pEGFPRab1A construct (Sannerud et al., 2006) provided a template for synthetic primers: 59-AATTCAGAGCGCGCCGGTCAAGC-39 and 59-GCTTGACCGGCGCGCTCTGA-ATT-39 (Invitrogen). The PCR products were verified by sequencing. Transient transfection was carried out using Lipofectamine 2000 (Invitrogen).
Immunofluorescence staining and confocal microscopy (CM)
The immunofluorescence protocols have been described elsewhere ). For double localisation of endogenous Rab1A and p58, affinity-purified p58 antibodies were directly coupled to FITC using the Zenon reagent (Invitrogen). Prior to staining for Rab11 or ribophorin I, the cells were treated for 5 min with 6 M guanidine hydrochloride in 50 mM Tris-HCl (pH 7.5) to expose antigenic sites. Preceding staining for b-tubulin, the cells were kept for 30 min in ice-cold medium to partially depolymerize MTs. Complete depolymerization was achieved by an additional 30 min treatment at 37˚C with nocodazole (10 mg/ml), then the cells were immediately fixed for 30 min in 3% PFA in MT stabilisation buffer (5 mM EGTA, 1 mM MgCl 2 , 70 mM PIPES, pH 6.8). After antibody staining, the coverslips were inverted onto objective glasses in a drop of Vectashield mounting medium (Vector Laboratories, Burlingame, CA), containing 49,6-diamidino-29-phenylindole (DAPI). The samples were examined using Leica TCS SP2 AOBS At interphase COPI-dependent (vesicular) and -independent (tubular) transport routes that employ distinct cytoskeletal tracks connect the non-compact regions of the Golgi ribbon and the Golgi stacks with the pcIC and the Golgi-adjacent IC elements, respectively. At G2/M transition, two-way communication at the pcIC-Golgi boundary (Route 1) mediates the unlinking of the Golgi ribbon and the dispersal of Golgi components. As the pcIC reaches the cell centre, transport along this route is affected, due to the distance created and the mitotic changes occurring around the centrosome, as indicated, e.g. by the pile-up of nascent Golgi elements close to the separated pcIC(s). As cells enter prometaphase, spreading of the centrosome-originated effects within the IC network results in a general block in IC-to-Golgi transport and affects trafficking at the ERES. By contrast, COPI-independent retrograde flow of Golgi components from the fragmented 'cores' of the stacks to the Golgiadjacent IC elements remains unaffected (Route 2). Consequently, Golgi components can enter the vesicular pool either via COPI vesicles that bud from the fragmenting Golgi cisternae (Route 3), or vesicles (and short tubules) that are derived from the IC. However, irrespective of their origin, the vesicles continuously communicate with the IC clusters. At late anaphase, enhanced fusion of the vesicles with the mitotic IC clusters initiates the reverse stepwise formation of the two daughter Golgi ribbons. Scale bars: 10 mm.
(Leica Microsystems, Germany) or Zeiss LSM 510 Meta (Carl Zeiss MicroImaging GmbH, Germany) confocal laser microscopes, equipped with either 636/1.4 NA and 1006/1.4 NA HCX Plan-Apochromat (Leica) or 636/1.4 NA Plan-Apochromat (Zeiss) oil-immersion objectives, ,1.2 Airy unit pinhole aperture, and the appropriate filter combinations. Images were acquired with 405 Diode, Argon ion/Argon Krypton (Leica) and Argon/Helium Neon (Zeiss) lasers and processed using PhotoShop CS4 imaging software (Adobe Systems, San Jose, CA, USA). Digital 3-D reconstructions of stacks of optical sections were performed using the Imaris software (Bitplane).
Man II staining patterns were analysed in a Zeiss Axioplan-2 fluorescence microscope using a 636 oil immersion objective. Between 29 and 224 cells depending on the time after shake-off (Fig. 7C) , ,200 cells for each condition and time point (Fig. 8A) , or between 53 and 185 cells depending on the mitotic phase (Fig. 8C) , were examined. Quantification of the appearance of G1 cells (supplementary material Fig. S4 ), i.e. separate interphasic cells or daughter cells still attached to one another via a long intercellular bridge (Shorter and Warren, 2002) , including .300 cells for each condition and time point, was carried out by phase contrast microscopy. The colocalisation of p58 and Rab1A in control and BFA-treated metaphasic cells (Fig. 1F) was determined using 0.3 mm thick optical sections spanning the entire depth of 10 randomly chosen cells. The extent of colocalisation in each section and the average number of double labelled IC structures per cell (+/2SD) were determined.
Immunoelectron microscopy (IEM)
Immunoperoxidase EM localisation of p58 was carried out as described previously (Saraste and Svensson, 1991) . Cryo-IEM was performed as described by Raposo et al. (Raposo et al., 1997) . Briefly, mitotic cells were collected from exponentially growing cultures by shake-off and fixed in 2% PFA in 0.1 M phosphate buffer (PB; pH 7.2) for 2 hours at RT˚C. Cells were pelleted by centrifugation for 1 min at 1000 rpm and kept in fresh fixative overnight at 4˚C. The cell pellet was washed twice with PBS containing 50 mM glycine-HCl, embedded in 10% (wt/vol) gelatin, and infused in 2.3 M sucrose. The mounted gelatin blocks were stored in liquid nitrogen prior to sectioning in an Ultracut FCS ultracryomicrotome (Leica). The cryosections were picked up with a 1:1 mixture of 2% (vol/vol) methylcellulose and 2.3 M sucrose and immunogold-labelled with affinitypurified rabbit antibodies against Rab1A and the KDEL-receptor, followed by protein A coupled to 10 or 15 nm colloidal gold particles (Cell Microscopy Center, University of Utrecht, The Netherlands). The stained sections were incubated in a mixture of methylcellulose and uranyl acetate for enhancement of membrane contrast and viewed in a Jeol JEM-1230 electron microscope.
Live cell imaging
Cells stably expressing GFP-Rab1A were grown on glass coverslips (No. 1.5 thickness) attached to 35 mm culture dishes (MatTek Corporation, Ashland, MA), equilibrated, and visualised in phenol red-free low bicarbonate (0.35 g/litre) MEM, supplemented with 10% FCS, 2 mM glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin. A constant 37˚C/5% CO 2 environment was maintained using a live cell chamber and temperature controller. Time-lapse CM was performed in a Zeiss LSM 510 Meta equipped with a 406/1.3 NA Plan-Neofluor oil-immersion objective, 3 Airy unit pinhole aperture and an Argon laser, by acquiring images at 90 sec intervals. Fast in vivo imaging by spinning disk CM was carried out in the UltraView TM RS Live Cell Imager (PerkinElmer, Boston, MA, USA). Samples were viewed with 636/1.4 NA Plan-Apochromat oil-immersion objective and images were acquired at 5126512 resolution using a 488 nm excitation laser line. The CCD camera was operated at 1.1 binning. Series of images were collected at regular intervals and Z-stacks of the entire cell depth of rounded mitotic cells were acquired for each time point. Recorded images were converted to 8-bit Tiff files and further processed using the ImageJ software (National Institutes of Health, Bethesda, MD, USA). Still images were compiled using Adobe Photoshop CS4 and Quick-Time sequences were assembled using Adobe Premiere Pro (Adobe Systems, San Jose, CA). Fig. S1 . Non-phosphorylatable GFP-Rab1A(T195A) and endogenous Rab1A colocalize in metaphasic cells. NRK cells were transiently transfected with the green fluorescent protein (GFP)-coupled variant of Rab1A (green), fixed and stained with antibodies against Rab1A (red). The max-imum intensity projection of consecutive optical sections shows that GFP-Rab1A(T195A) asso-ciates with the IC membranes and displays a distribution that is very similar to that of endogenous Rab1A. Bar: 10 µm.
